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ABSTRACT: The application of the X-ray phase-contrast ʻedge illuminationʼ principle to the 
highly coherent beams available at synchrotron radiation facilities is presented here. We show 
that, in this configuration, the technique allows achieving unprecedented angular sensitivity, of 
the order of few nanoradians. The results are obtained at beamlines of two different synchrotron 
radiation facilities, using various experimental conditions. In particular, different detectors and 
X-ray energies (12 keV and 85 keV) were employed, proving the flexibility of the method and 
the broad range of conditions over which it can be applied. Furthermore, the quantitative 
separation of absorption and refraction information, and the application of the edge illumination 
principle in combination with computed tomography, are also demonstrated. Thanks to its 
extremely high phase sensitivity and its flexible applicability, this technique will both improve 
the image quality achievable with X-ray phase-contrast imaging and allow tackling areas of 
application which remain unexplored until now. 
KEYWORDS: X-ray radiography; Computerized Tomography; Data processing methods; Image 
reconstruction in medical imaging. 
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1. Introduction 
X-ray phase-contrast imaging (XPCi), as opposed to absorption-based methods, does not rely 
only on the beam attenuation induced by the sample, but it also exploits refraction/interference 
effects to enhance the image contrast. The improvement compared with conventional 
absorption-based methods is very high in particular for the range of X-ray energies used in 
radiology (10-100 keV) and for materials made of low atomic number elements, as those 
characteristic of biological soft tissues. Since in this case refraction/interference effects can be 
detectable even when the absorption signal is negligible, XPCi methods can provide largely 
increased sensitivity to weakly absorbing object details. 
Several XPCi techniques have been developed and applied [1-6]. Much research effort has 
been recently dedicated, in particular, to three XPCi methods: free-space propagation (FSP) [2], 
analyzer-based imaging (ABI) [3] and grating interferometry (GI) [4], which have demonstrated 
excellent results in terms of tissue discrimination and characterization, especially in the field of 
biomedical imaging, for a wide range of different applications [7-10]. 
In this work, we investigate the application of a different technique, which is based on the 
edge illumination (EI) principle. This was first proposed at the Elettra synchrotron radiation 
(SR) facility (Trieste, Italy) in the late nineties [11], as a method to finely analyze the beam 
refraction introduced by the sample. The idea was to reproduce, by means of a simpler setup, 
the signal obtainable with the ABI technique, which exploits the angular dependence of 
diffraction from a perfect crystal to sense the beam refraction. The application of the EI 
principle with extended (up to at least 100 µm focal spot) and polychromatic sources was then 
demonstrated theoretically and experimentally [12-14]. In this case, an appropriate pair of pre-
sample and detector masks is used to replicate the EI principle over the entire field of view of an 
area detector, and the technique is thus referred to as coded-aperture XPCi. 
In addition to being efficiently implementable with conventional sources, we recently 
demonstrated that EI enhances the phase sensitivity compared with other XPCi methods if used 
with highly coherent beams provided by SR facilities. We proved that, at very large X-ray 
energies where the signal is generally very small, EI outperformed FSP by providing an image 
contrast up to twenty times larger [15]. We show here how extremely high angular sensitivity 
can be achieved under various experimental conditions, and in particular at completely different 
(very low and very high, for radiology) X-ray energies. The possibility of extracting quantitative 
information about the absorption and refraction properties of the sample, and the applicability of 
the method to computed tomography, are also presented. 
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2. The edge illumination principle 
The EI principle is schematized in figure 1, where the case of a parallel and monochromatic SR 
beam is considered. The beam is collimated in one direction (y) by means of slits and aligned 
with an absorbing edge placed in front of the detector, so that part of the beam is directly 
incident on a line of detector pixels while part is stopped by the edge (figure 1a). When an 
object is inserted into the collimated beam, the photons can be deviated upwards or downwards, 
increasing or decreasing the part of the beam reaching the detector, and thus the detected 
intensity (figure 1b). An image of the sample is obtained by scanning it through the beam in the 
direction y perpendicular to the edge. The boundaries of details inside the sample (where the 
largest refraction is observed) will be highlighted in the image by either dark or white fringes, 
according to the refraction direction; by cutting the opposite side of the beam with the absorbing 
edge, this fringe contrast is reversed (figure 1c). Being sensitive to the same physical quantity 
(the contrast is to first approximation proportional to the refraction angle in one direction, ∆θy), 
the obtained image and the corresponding signal are analogous to those achievable with the ABI 
and GI techniques. 
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Figure 1. Illustration of the EI principle. (a) Diagram of the EI setup, in the case of a detector edge 
realising the partial illumination condition by covering the lower part of the beam. (b) EI setup with a 
refracting sample in the collimated beam, in the case of a detector edge covering the lower part of the 
beam, or (c) the upper part of the beam. (d) Distribution of the reference beam incident onto the absorbing 
edge, by considering the setup used at the ID17 beamline of the ESRF (see text for details). (e) 
Illumination curve corresponding to beam in (d), in the case of an edge covering the lower or (f) the upper 
part of the beam. 
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Let us indicate with Sref the beam distribution (i.e. the number of photons per unit length in the y 
direction) incident onto the detector edge in the absence of the object. In a ray-tracing model, 
Sref can be expressed as the convolution of the projection of the pre-sample slits onto the 
detector plane and the projected source distribution (i.e. as the blurred shadow of the pre-sample 
slits onto the detector). However, in the case of highly spatially and temporally coherent SR, 
diffraction effects cannot be neglected, and the rigorous wave optics formalism must be 
employed to determine the distribution of the beam impinging on the detector edge [16]. An 
example of the beam distribution obtainable in the setup employed at the ID17 beamline of the 
ESRF is presented in figure 1d, where the considered vertical source size is 24 µm, the source-
to-slits distance zsa = 145 m, the slits-to-detector distance zad = 10.3 m and the slits aperture size 
is 20 µm. 
The intensity recorded by the detector in the case of an edge, set at position yedge,+, covering 
the lower part of the beam can be expressed as: 
( ) ( ) ( )
,
, , , 0
+
+∞
+ + + += = ⋅∫
edge
ref edge ref edge
y
I y dyS y C y I
              
(2.1)
 
where I0 is the total number of photons incident on the sample and ( )
,
0
+
+∞
+ ≡ ∫
edge
ref
y
C dyS y I  is 
the illumination curve, sometimes referred to as rocking curve due to the analogy with the ABI 
technique. The illumination curve C+ corresponding to the beam distribution in figure 1d is 
reported in figure 1e.
 When the sample is inserted, at a distance zod upstream the detector, the beam is shifted in 
the y direction of the quantity θ⋅ ∆od yz  as an effect of the sample refraction, and attenuated due 
to absorption:
 
( ) ( ) ( )( ), = ⋅ − ⋅∆obj ref od yS y p T p S y z pθ
                         
(2.2)
 
where p is the position in the sample and T indicates the corresponding X-ray transmission. 
Note that equation 2.2 is strictly valid only if the absorption and the refraction angle are 
approximately constant within the size of the pre-sample aperture. The intensity recorded by the 
detector is therefore: 
( ) ( ) ( )( ), , 0 ,,+ + + += ⋅ − ⋅∆obj edge edge od yI y p T p I C y z pθ     (2.3)
 
In the case of an absorbing edge cutting, instead of the lower, the upper part of the beam (figure 
1c), the intensity detected without the object can be expressed as: 
( ) ( ) ( ),, , , 0−− − − −−∞= = ⋅∫
edgey
ref edge ref edgeI y dyS y C y I
              
(2.4)
 
where the illumination curve is here defined as ( ), 0
−
− −∞
≡ ∫
edgey
refC dyS y I . The intensity 
detected with the object in the beam is then: 
( ) ( ) ( )( ), , 0 ,,− − − −= ⋅ − ⋅∆obj edge edge od yI y p T p I C y z pθ
    
(2.5) 
The illumination curve C- corresponding to the beam distribution in figure 1d is shown in figure 
1f. From the definitions of C+ and C-, and from figures 1b and 1c, it is evident that 
( ) ( )1θ θ− +− ⋅∆ − − ⋅∆=edge od y edge od yC y z C y z . As a result, the detected refraction signals will 
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be perfectly reversed in the two cases: positive (or negative) signals in the ‘plus’ configuration 
will become negative (or positive) signals in the ‘minus’ one.
 
3. Experimental results 
We present the results obtained at two different SR facilities, in order to show how extremely 
high sensitivity is achievable with this technique in very different experimental conditions. In 
particular, the experiments were carried out at both very high and very low X-ray energies, 
demonstrating that the method can be applied over a very broad range of energies and thus for a 
variety of different samples and applications. 
In figure 2, we report the images of a polyetheretherketone (PEEK) filament (diameter 165 
µm) immersed in water, obtained at the I13 beamline (coherence branch) of the Diamond SR 
facility (Didcot, UK). An X-ray energy of 12 keV was used. The nominal vertical source size is 
15 µm, the source-to-slits distance was zsa = 220 m, the slits-to-object distance zao = 9 cm, the 
object-to-detector distance zod = 14.69 m and the aperture size was 20 µm. The object scan step 
in the direction transversal to the edge was 5 µm, and a MEDIPIX detector, with a pixel size of 
55 µm, was used for the image acquisition [17]. Both the slits and the detector edge were 
oriented horizontally, so that the setup is sensitive to the component of the refraction angle 
parallel to the vertical direction y (note that the presented images have been rotated by 90 
degrees, so that the sensitivity appears to be in the horizontal direction). 
The first image in figure 2 was acquired with the edge cutting the lower half of the beam 
(‘plus’ image, setup configuration presented in figures 1a and 1b), while the second was 
obtained with the edge cutting the upper half (‘minus’ image, see figure 1c). On the right, 
intensity profiles across the filament in the two images are reported. The left and right edges of 
the object feature opposite signals, since the X-rays are refracted in opposite directions at the 
two object positions. Furthermore, as expected from the theory (see section 2), the signal is 
perfectly reversed in the two images acquired at the ‘plus’ and ‘minus’ positions of the edge. 
Despite the fact that the PEEK filament is immersed in water (δPEEK = 1.90·10
-6
 and δwat = 
1.60·10
-6
, at 12 keV [18]), the measured contrast (i.e. the difference between the maximum and 
the minimum of the object profile, divided by the mean) is higher than 100%. 
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Figure 2. EI images of a 165 µm diameter PEEK filament in water, obtained at Diamond (I13 beamline) 
at an energy of 12 keV (see details in text). The two images were acquired respectively with the detector 
edge covering the lower (‘plus’ image) or the upper (‘minus’ image) half of the beam (note that the 
presented images have been rotated by 90 degrees: the pre-sample slits and detector edge are in fact 
horizontal, and the system is thus sensitive to refraction in the vertical direction). The corresponding 
intensity profiles across the filament are reported on the right. 
A separate experiment was carried out at the ID17 biomedical beamline of the ESRF (Grenoble, 
France). In this case, a much higher X-ray energy of 85 keV was used. The nominal vertical 
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source size is 24 µm, the opening of the pre-sample slits was 20 µm, zsa = 145 m, zao = 4.3 m 
and zod = 6.0 m. Images were acquired with a Germanium detector of 350 µm pixel size [19]. 
Filaments of different size and composition were imaged, and quantitative absorption and 
refraction maps were extracted. They were calculated by combining the ‘minus’ and ‘plus’ 
images by using a new quantitative method, specifically developed for the application to the 
highly coherent beams provided by SR facilities [20]. The absorption and refraction images 
obtained for a 450 µm PEEK wire are presented in figures 3a-b (the used scan step was 20 µm). 
Both images contain very small contribution from noise. In order to quantify it, 30 background 
regions of 40 x 40 pixels
2
 were selected in the refraction image, the standard deviation of the 
pixel values calculated for each region and the results averaged. This calculation provided a 
value for the noise in the refraction image lower than 2 nrad, which is about one order of 
magnitude smaller than previously published results for grating interferometry [21,22]. This 
means that very high phase sensitivity is achieved by this setup, since extremely small refraction 
angles, down to about 2 nrad, are detectable. Similar calculations were performed for the setup 
used at the I13 beamline of Diamond, showing values of angular resolution still very high but 
slightly lower than those observed at the ESRF, with achieved levels of noise of the order of 15 
nrad. We expect this to be due to a combination of factors: lower photon statistics used for the 
image acquisition compared to the ESRF experiment, broadening of the beam at lower energies 
(leading to slightly decreased sensitivity to beam angular deviations), inhomogeneity in the 
detector pixels response and thermal load on the monochromator. Therefore, we expect even 
higher sensitivities once the fine adjustements are implemented on a beamline which, at the time 
of the experiment, had just been taken out of its commissioning phase. 
The application of the EI technique to computed tomography (CT) was also demonstrated. 
Figure 3c shows a CT slice of an ammonite fossil, obtained using the setup at the ID17 
beamline described above and rotating the sample around the axis orthogonal to the plane 
containing the beam. This is a highly absorbing sample characterized by a considerable iron 
content, which thus requires very high X-ray energies. The slice was reconstructed by using the 
mixed absorption-refraction approach, which requires the acquisition of only one input image 
per viewing angle [23]. The method was first developed for grating interferometry: however, 
since the dependence of the signal upon the phase variations is the same for the two techniques 
(the signal is to first approximation proportional to the refraction angle), the method is equally 
applicable to the EI setup. The values reconstructed in each pixel are a well-defined linear 
combination of the absorption and refraction properties of the imaged material [23]: the 
absorption signal is visible in the bulk regions of the sample, while the refraction one is 
predominant at the external and internal boundaries of the details in the fossil. 
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Figure 3. Results obtained at the ESRF (ID17 beamline) at an energy of 85 keV (see details in text). (a) 
Extracted absorption and (b) refraction images of a 450 µm thick PEEK filament. (c) CT slice of an 
ammonite sample, reconstructed by using the mixed absorption-refraction method [23]. 
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4. Conclusions 
Our results show that, by going beyond the capabilities of conventional extended X-ray sources, 
the EI principle can push the limits of the achievable phase sensitivity when implemented with 
highly coherent SR beams. The unprecedented angular resolution of a few nanoradians we have 
demonstrated is about one order of magnitude higher than results previously achieved with other 
XPCi methods. 
The technique is very flexible, as demonstrated by its applicability at different synchrotron 
beamlines, with different detectors and at both very low (12 keV) and very high (85 keV) X-ray 
energies. It can therefore be applied over a very broad range of energies, which makes it very 
promising for the imaging of a variety of samples of different size and composition, in various 
fields of application, including biology, medicine, materials science etc. 
The setup is fairly simple and has relaxed requirements in terms of stability, which makes 
it very suitable to both quantitative phase retrieval and computed tomography. 
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